The sterility of interspecific hybrids between the sibling species Drosophila virilis and D. lummei was tested in reciprocal F1s and different second generation combinations of cytoplasm, sex chromosomes and autosomës. Males with motile sperm and females with at least one mature egg were scored as fertile. When D. virilis was the mother, about 5 per cent of the F1 male progeny was sterile, the reason being that the X of D. yin/is was weakly incompatible with the heterozygous second, fourth and fifth chromosomes. The F1 males carrying the X chromosome of D. lummei were all fertile. The X chromosome of D. lummei, and in particular its species-specific double inversion In(1)a + b, nevertheless caused sterility in 70 per cent of males in the presence of homozygous autosomes of D. virilis. Sterility was rare among the females, although some weakly disadvantageous X versus autosome and autosome versus autosome interactions were detected.
Introduction
In a wide survey of species hybrids in Drosophila, concluded that male sterility is one of the earliest indications of speciation. This conforms with the rule of Haldane (1922) that 'when in the F1 offspring of two different animal races one sex is absent, rare, or sterile, that sex is the heterozygous sex'.
Despite many examples to reinforce this conclusion, the genetic basis for male hybrid sterility is known in detail only for a few pairs of species. Because male sterility usually develops first, it is clear that the genetic basis for hybrid female sterility is known in still fewer cases (Orr, 1987; .
Another generalization concerning postzygotic isolation is Coyne's rule, that it is almost invariably the X chromosome that plays the main role in both hybrid sterility and hybrid weakness. It is always incompatible with something else. Sterility and subvitality indicate failing interaction either with genes in another chromosome or with some cytoplasmic component.
Our aim here was to measure the relative fitness of heterospecific combinations of different categories of genetic elements: sex chromosomes, autosomes and cytoplasmic factors, as potential carriers of mutually incompatible interacting genes. It may be hypothesized that the evolutionary forces leading to postzygotic isolation may also produce analogous incompatible systems which are not exposed in F1, but only in later generations (hybrid breakdown). The analysis of such interactions can also help us to understand the development of isolating interactions. We also aimed to answer the question of whether male and female postzygotic isolation usually result from the action of different genes (Orr, 1989b) .
Materials and methods

Files
The D. lummei stock 1101 S was started from several females collected at Overkalix, Sweden in 1970. In some experiments we also used another stock of D.
lummei, 1143 from Hokkaido, Japan.
As a wild type D. virilis, we used the isofemale wild stock 1422 from Gröningen, The Netherlands, collected in 1976. The marker stock 126 (b; gp; cd; pe) was from the N. K. Koltzov, Institute of Developmental Biology, Moscow. The markers used and their map positions (Alexander, 1976) The females used in the backcrosses were from generations 35-41 and 52-55. Three replicate lines with a different origin of XhI were also studied.
Scoring fertility The flies were reared in glass bottles on a malt medium (Lakovaara, 1969) in continuous light at 19°C and 70 per cent relative humidity. After adult eclosion, they were aged for 20-26 days at 19°C or 14 days at 25°C under continuous illumination, to be sure that their possible reproductive diapause was terminated (Lumme & Keränen, 1978) . They were then dissected and their internal genitalia inspected in 0.67 per cent NaCL. A male was scored as sterile if no sperm motility was seen, and the females were considered not to be strerile if they had at least one fully developed egg in their ovaries. These definitions of sterility are not strictly correct, but they serve for the sake of convenience. The proportion of sterile flies was used as a measure of the sterility of a genotype.
Statistical analysis
The results of segregating generations were analysed as a factorial experiment (Snedecor & Cochran, 1967 Lumme & Heikkinen (1990) . This method artificially increases the contributions of chromosomes if the numbers of observations for the genotypes vary widely. We also tested the contributions by using unweighted means, which overemphasize the chance variation in small samples. The results are essentially identical, however. Student's t-test for a binomial distribution was used to test the statistical significance of the differences in the proportions of sterile flies in the factorial effect totals. The same test was used to compare pairs of results.
Results
Male sterility
Parental generation. The results are presented in Mitrofanov & Sidorova, 1979) . The results are displayed in Fig. 1 . The total proportion of sterile males in this backcross progeny was 7.4 per cent (n = 937).
The proportion of sterile males in the phenotype class +; +; +; + was 9.5 per cent (n= 95), which is a little higher than the value in the corresponding F1 (3.2 per cent, n=62), but not significantly so (t 1.51, P> 0.05).
All the autosomal main effects were non-significant.
The only significant factorial effects were the firstdegree interactions 3 x 4 (negative) and 4 X 5 (positive sign). This was due to two aberrant phenotypes. The proportion of sterile flies was as high as 17 per cent (n = 100) when the third chromosome was heterozygous and the fourth and fifth were homozygous Fig. 1 ). This backcross also employed the markers of 126: b; gp; cd; pe X (1101 S X b; gp; cd; pe). The proportions of sterile males in each of the 16 phenotype classes are displayed in Fig. 1 . The male progeny of this cross carried a conspecific sex chromosome set X'1/Y', the only difference with respect to the cross described above being the origin of the Y chromosome. The total proportion of the sterile males was lower than in the previous cross (3.7 per cent, n 1448). The proportion of sterile individuals was highest in the phenotype class +; +; +; + (13 per cent, n= 113). This sterility was due to the heterozygous autosomes 2, 4, and 5 interacting with Xu/Y and/or the D. yin/is egg cytoplasm.
Chromosomes 4 and 5 also showed significant nonadditive interaction, but this seems to be an artefact caused by a scaling difficulty that affects data of this kind: because all the males in both phenotypes +; pe and cd; + were fertile, the phenotype cd; pe cannot do much better, and therefore, the main effects of the fourth and fith chromosome are not 'additive'.
The results show which elements of D. lummei, when heterozygous, were incompatible with XVI. They were located in the second, fourth and fifth autosome, and were more or less equally weak and additive in their effect.
We had no useful markers for the backcross to D. lummei to analyse the autosomes, but no sterile cases were detected among the progeny of llOlSx(b; gp; cd; pex ibiS) (n = 83). Here the sex chromosomes were conspecific with each other (XIu/YIu), and also with those autosomes which were homozygous. As the F1(D.
/ummei X D. yin/is) was completely fertile, no sterility was to be expected here. The result shows that hetero- The overall mean proportion of sterile males from these crosses was high, 42 per cent. Detailed results are given in Table 2 . The proportion of sterile males carrying the D. lummei inversion In (1) Table   2 . The sample size was too small, but no extreme sterility interactions were indicated.
In ( 1 ) The proportions of sterile males among the inversion hemizygotes are presented in Table 3 In(1)a+b/w; b; gp; cd; peX(w; b;gp; cd;pex ibiS).
In the progeny, the heterologous X chromosome was combined with all 16 major autosome combinations (and Y chromosomes of both species, next cross).
Half of the male progeny presumably received intact Xvi, marked with w (not shown in Fig. 1 ), but the proportion of sterile individuals among them was 21.0 per cent (n = 181, crosses 4 and 5 pooled). As they had the w allele masking the eye colour markers of the fourth and fifth chromosomes, not all 16 phenotypes were testable. Wing vein markers of the second and third chromosomes were inspected in a very small sample. The results from crosses 4 and 5 were pooled.
The proportions of sterile males were w; +; + 22.7 per cent (n=22), w; b; + 13.3 per cent (n=30), w; +; gp 22.2 per cent (n = 36), and w; b; gp 2.1 per cent (n = 47). These values should be compared with results from cross 2, where the sex chromosome set is the same X1/Yh1, but X is without a marker (Fig. 1) (Fig. 1) , the sex chromosome combination of the w male progeny is written as X" In(1)a + bk/ y lu, and the total proportion of sterile males was 32.5
per cent (n = 332, unweighted mean over phenotypes 34.7 per cent). This value is clearly higher than in any of the first generation hybrid progeny. In backcross 2 the whole X was from D. virilis and the proportion of sterile males was only 7.4 per cent (n=937). In F1 between D. lummei females and D. virilis males, the whole X was from D. lummei, and the males were perfectly fertile. Here the cytoplasm was made by the homozygous hybrid X chromosome X" In(1)a + bk, which may explain the higher proportions of sterile cases in both backcrosses to HETEX than in the backcrosses to D. yin/is. The frequency of sterile cases was, in crosses using the markers y and ap, much higher among the carriers of In(1)a + b than the mean observed here (Table 2) .
One explanation could be that in the crosses, (y apx + +)x + +, the whole X of the hybrid mothers was heterozygous, not only ln(1)a + b, and therefore a larger proportion of the sons was sterile, due to interaction between the maternal effect and the X chromo- Fig. 1 ). The markers in this cross were In (1) (Table 1 ). In the backcross phenotype class + ; + ; + ; +, the proportion of sterile males was 31 per cent (n 51), a higher figure than in the corresponding F1 and comparable to the + ; + ; + ; + males from cross 4: 32 per cent (n =31).
HETEXX(D. lummei X D. virilis) (Cross 5 in
The Y chromosome seemed to have no effect at all in the presence of all-heterozygous autosomes. The main effect of the fourth chromosome was significant and very large, which indicates that this chromosome of D.
yin/is, when homozygous, did not work well with
In(1)a +b. The effect of the fifth chromosome seems to be the opposite.
Hybrid cytoplasm made by combined X chromosomes probably played the same role here as in the previous cross, maternally inducing sterility in the sons.
Female sterility Parental generation and first generation reciprocal hybrids. The females of the first hybrid generation were almost 100 per cent fertile, and the hetero specific X chromosomes were compatible. Reciprocals were identical, and there was no maternally determined female sterility. Table 1 shows that some sterile females were Fig. 2 ). These females were heterozygous for the X chromosome. The flies of the phenotype class + ; + ; + ; + were chromosomally identical to both reciprocal F1 females with the exception of the dot chromosome. The proportion of sterile females was 4.6 per cent (n 151), higher than the mean in F1 (0.4 per cent, n304, t"3.18,P<0.Ol).
In this cross, too, the females homozygous for the D.
virilis second chromosome were significantly more often sterile than the heterozygotes. The other main effects and first-degree interactions were all nonsignificant. The difference between cross 2 and this cross was that the heterozygous chromosomes 4 and 5 had no negative effects on ovarian development in this case. Their effects in the previous cross thus indicated interaction with homozygous XVI.
D. lummei x (D. yin/is X D. lummei). All daughters had perfect ovaries when F1 males were backcrossed to D.
lummei, despite the X chromosome combination.
Here it was Xlu!Xi, and all 59 females inspected had eggs.
D. lummei x (D. lummei)< D. yin/is). These females were homozygous for sex chromosomes (Xt!Xtu), and all 269 of them had eggs. lummei (11O1S and 1143) were used in this cross.
When the F1 females were backcrossed with D. virilis marker stock males, four recognizable classes of X chromosome recombinants were obtained ( Table 2 ). The progeny of 1143 grandfathers had all females fertile. Among the hybrid granddaughters of 1 lois, the + ap females were all fertile, but the proportions of sterile individuals were also small in the other three phenotype classes.
lummei. The D. virilis used was 139 y up, but because the D. lummei males were used in backcrosses, the markers were useless in the females (Table 2) . With ibiS, all 200 females dissected had eggs in their ovaries but with 1143, 14
per cent were sterile (n = 78).
In ( 1) (Table 3 ). In the lines originating from stock 1100 (Kuopio, Finland), a small proportion of the w females were sterile among both the heterozygous and homozygous classes, but all the other females had eggs. The weighted average of sterile females was 1.0 per cent (n =805). There were more steriles among the w females in the heterozygous inversion lines, 4.2 per cent (n = 385), which was slightly more than in the D. vi ri/is stock MM used in the continuous backcrossing (0.6 per cent, n = 167). Fig. 2 ). The markers of this cross were: In(1)a +b/w; b; gp; cd; pe x (w; b; gp; cd; pe x 1101 S). In strong contrast to the males, the heterospecific X chromosome caused no sterility in the females (Table 1, Fig. 2 ).
HETEXX (D. virilisx D. lummei) (Cross 4 in
The weak sterility of XIU against the homozygous second chromosome of D. virilis, apparent in backcross 3, had disappeared together with the distal tip of X". This was also obvious in the heterozygous inversion substitution lines (Table 3) . HETEX x (D. lummei x D. yin/is) (Cross 5 in Fig. 2) . The markers were used as follows: in(1)a +b/w; b; gp; cd; pex(11O1SX w; b; gp; cd; pe). The females had either Xk/Xi or X"t In(X)a + bl/Xhl, both combinations being expected to exist in equal frequencies. Thus the progeny was a mixture of flies identical to those from cross 3 and a new combination. The total proportion of sterile females in the backcross progeny was 3.2 per cent, the highest columns being the same as in cross 3. There was slight incompatibility of the distal of the D. lummei X chromosome with homozygous D. virilis chromosomes 2 and 3, and this was made worse by the presence of a heterozygous chromosome 4. Chromosomes 3 and 4 also had significant non-additive interaction. When chromosome 3 was homozygous for D. yin/is and chromosome 4 heterozygous, 9.6 per cent of the females were sterile (n = 335).
Discussion
This work is a continuation of our investigations into the genetic systems involved in the isolation between Drosophila yin/is and D. lum,nei, and deals with hybrid sterility. Earlier analyses have focused on the male courtship sound (Hoikkala & Lumme, 1984) , cold shock resistance (Heino & Lumme, 1989) , viability (Lumme & Heikkinen, 1990 ) and developmental anomalies in hybrids (Heikkinen, 1991) .
Male sterility incompatibility between X chromosome and autosomes.
The isolating effect of F1 male sterility proved to be relatively weak in crossings of D. yin/is females to D. /ummei males. The proportion of sterile males in the reciprocal cross was invariably zero. It may be recalled that the relative viability of F1 progenies is much more decreased, especially in the progenies of D. lummei females (Lumme & Heikkinen, 1990) .
The second generation analysis indicated that the sterility of the F1 males from the cross of D. yin/is females with D. /ummei males was caused by negative interaction of XVi with the second, fourth and fifth chromosomes of D. lummei. The autosome effect was dominant, being expressed when they were heterozygous (Fig. 1, cross 3) . demonstrated that the incompatibility between the X chromosome and autosomes is the genetic reason for hybrid sterility in other pairs of species in the yin/is group of Drosophila, and also in the present pair. They also demonstrated that the reason for this sterility was in the X chromosome of D. yin/is and was 'fairly tightly linked to the white locus' . Our results are in agreement with this. Cytological examination of the chromosome substitution lines confirmed that w is a marker of the inversion in(1)a + b.
In addition to the F1 male sterility system, the second generation data revealed that the X chromosomal (Lumme & Heikkinen, 1990) . Thus the X chromosomes, and especially the region of the In(1)a + b in both species, are incompatible with the autosomes of the opposite species. It is important to note that the asymmetry in F1 (difference in reciprocals) is caused by the recessivity or dominance of the autosomal reaction. Autosomes of D. lummei showed a dominant reaction to X', while autosomes of D. (Fig. 1, crosses 2 and 3) . Seventeen per cent of the males from that combination were sterile. Vigneault & Zouros (1986) showed that in hybrids between D. mojavensis baja and D. arizonensis, the Y chromosome of the latter species is incompatible with homozygous D. mojavensis autosomes 3 and 4. Pantazidis & Zouros (1988) There was no evidence of incompatibility between X and Y chromosomes, which is one of the most common reasons for male sterility in the well analysed cases of Drosophila (Lancefield, 1929; Coyne, 1985; Coyne & Charlesworth, 1986; Orr, 1987 Orr, , 1989a Orr, , 1989b ).
Autosome/autosome interactions. We could not demonstrate any obvious negative interactions between autosomes alone in our data, although autosomes participated on both sides of the system including Y, as described above. No heterospecific homozygous combinations were produced in our crossing scheme. Schaefer (1978) There are some differences between our results and those of with regard to hybrid sterility in the virilis group. Backcrossing of D. yin/is males to F1 females gave a mean of 41 per cent sterile progeny in our experiments whereas report such males to be 95 per cent fertile. There is a possibility that there may be segregating sterility factors in these species.
Another difference between our results and those of Orr & Coyne is that according to them, 'within the virilis phylad, the autosomes have little or no effect on hybrid male fertility when heterozygous'. As we have shown, at least in hybrid male sterility between D, vinilis and D. lummei, heterozygous autosomes have to play an interactive role with the X chromosome, and their total effect on male sterility is then exactly equal to the effect of X.
Female sterility
The present flies were reared in continuous light, because it is known that D. lummei has a photoperiodic reproductive diapause. This means that the female ovaries remain undeveloped under short-day conditions. The main difference between D. yin/is and D. lummei is inherited in the X chromosome, linked with white within the In(1)a +b (Lumme & Keränen, 1978) . We excluded the photoperiodic diapause here by the use of continuous light and a relatively high temperature. It is to be noted that do not mention the daylength of their experiments, and the possibility remains that some of the X-linked female sterility may be attributed to the diapause.
X chromosome/autosome incompatibility. It was obvious that heterozygous D. lummei autosomes 4 and 5 interacted negatively with the homozygous D. virilis X chromosome, causing sterility in some individuals (Fig. 2, cross 2) . The effect of autosomes was fairly small, and additive. claim that females with homospecific X chromosomes are always fertile but our results differ slightly from this, possibly due to segregating sterility factors in the species. The D. lummei X chromosome, when homozygous, was compatible with heterozygous autosomes, no sterile cases at all being detected among such progeny.
In conclusion, it may be said that no significant female sterility was detected here, even though we exposed some unusual combinations of chromosomes. It must be remembered that the criterion for sterility was simply the morphological development of ovaries. Some of the backcross female phenotypes homozygous for the D. yin/is second chromosome are almost completely sterile, or 'daughterless', however (Mitrofanov & Sidorova, 1981) , we do not yet know whether this is due to the inviability of the progeny or to some other reason.
The results emphasize the central role of the X chromosome in hybrid male sterility. Only very weak female sterility was found but it bore many similarities to the male sterility systems: e.g. asymmetry and X-autosome interaction.
